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SUMMARY 


In  recent  years  the  issue  of  damage  interaction,  with  particular  emphasis  on  multi-site 
damage,  has  been  of  concern  to  the  aircraft  industry.  Whilst  most  attention  focused  on 
fuselage  lap  joints,  related  problems  occur  in  composite  structures  which  are  subjected  to 
multiple  impact  damage.  This  paper  reveals  that,  for  the  cases  of  multiple  impact  damage  in 
composite  structures  investigated,  little  interaction  between  damaged  regions  was  observed. 
Thus  a  simple  repair  methodology,  previously  developed  for  single  impact  damaged 
structures,  was  applied.  This  methodology  was  verified  via  a  coupon  test  program  and  an 
experimental  evaluation  of  two  damaged  FIA-18  horizontal  stabilators. 
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1.  INTRODUCTION 


Graphite/epoxy  composites  have  many  advantages  for  use  as  structural  materials  in 
aircraft,  including  their  formability,  high  specific  strength  and  stiffness,  resistance  to 
cracking  by  fatigue  loading  and  their  immunity  to  corrosion.  However,  whilst  having  these 
advantages,  they  are  prone  to  a  wide  range  of  defects  and  damage  which  may  significandy 
reduce  residual  strength  [1-6].  The  problem  of  low  energy  impact  damage  is  of  particular 
concern  and  can  cause  significant  reductions  in  compressive  strength  (up  to  65%  of 
undamaged  strength),  [6-12].  Whilst  impact  can  cause  a  significant  amount  of 
delamination,  often  the  only  external  indication  is  very  slight  surface  indentation.  This  type 
of  damage  is  frequently  referred  to  as  "barely  visible  impact  damage"  (BVID).  Indeed,  the 
problem  of  BVID  is  of  particular  concern  because  the  damage  is  unlikely  to  be  discovered 
unless  the  region  is  subjected  to  non-destructive  inspection  (NDI)-  However, 
unfortunately,  most  routine  NDI  is  unlikely  to  detect  BVID  unless  potential  hot  spots  are 
being  examined. 

In  recent  years  the  problem  of  multiple  (impact)  damaged  sites  in  close  proximity  has 
arisen.  In  many  cases  the  Structural  Repair  Manual  (SRM)  divides  the  component  into 
zones  which  can  be  repaired  and  zones,  which  because  of  their  high  strains,  are  classed  as 
irreparable.  For  multiple  impact  damage,  even  if  each  event  lies  in  a  repairable  zone,  the 
amount  of  material  required  to  be  removed  in  order  to  repair  the  structure,  is  often  such 
that  the  repaired  region  infringes  on  the  irreparable  region  and,  as  a  result,  renders  the 
structure  irreparable. 

This  problem  is  somewhat  similar  to  that  of  multi-site  damage  (MSD)  in  fuselage  aircraft 
joints.  Here  each  crack,  in  isolation,  may  be  acceptable.  However,  the  presence  of 
multiple  cracks  in  close  proximity  can  degrade  the  residual  strength  and  the  damage 
tolerance  of  the  structure  below  acceptable  levels  [13,14],  Indeed,  in  a  series  of  previous 
reports  [14,15]  the  authors  have  presented  a  detailed  understanding  of  the  mechanisms 
governing  the  fatigue  performance  of  fuselage  lap  joints.  In  this  work  particular  attention 
was  paid  to  joints  containing  multi-site  damage,  and  both  repaired  and  unrepaired 
specimens  were  tested. 

The  present  paper  expands  on  earlier  work  undertaken  in  MSD  and  shows  that,  unlike 
MSD  in  fuselage  joints,  there  is  little  damage  interaction  between  multiple  impact  sites  in 
composites  for  the  cases  investigated  here.  In  general  there  are  two  possible  methods  for 
repairing  this  type  of  damage.  One  approach  is  to  remove  the  damaged  region  [16-18]  and 
use  an  internally  scarfed  repair.  This  is  very  effective,  but  requires  extensive  bonding 
facilities  resulting  in  a  significant  period  of  non-utilisation  of  the  component.  As 
previously  mentioned,  for  multiple  damage  sites,  this  type  of  repair  often  results  in  the 
structure  being  classed  as  irreparable  as  the  region  of  scarf  extends  into  the  irreparable 
zones.  An  alternative  approach  is  to  increase  the  strength  by  reducing  the  net  sectional 
stresses  [19].  This  can  be  achieved  by  placing  an  external  patch  over  the  damaged  area. 
For  this  approach,  the  simple  design  methodology  presented  in  [19]  is  extended  to  include 
multiple  damage  sites  and  substantiated  via  a  laboratory  test  program.  This  methodology 
was  further  illustrated  by  a  repair  to  two  damaged  horizontal  stabilators,  which  were  tested 
to  design  limit  load  [20]. 
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2.  MULTIPLE  IMPACT  DAMAGE 


It  is  highly  desirable  that  procedures  are  available  to  account  for  the  possible  occurrence  of 
delaminadon-type  defects  in  the  design  and  certification  of  composite  aircraft  structures 
and  in  the  development  of  approaches  for  through-life  support,  to  provide  a  rationale  for 
rcpair/reject  criteria.  This  problem  was  reviewed  in  [21]  where  it  was  shown  that  for 
delaminations  in: 

(a)  composite  laminates, 

(b)  step  lap  joints  or 

(c)  mechanically  fastened  composite  joints, 

a  stage  is  reached  after  which  a  significant  increase  in  the  size  of  the  damage  does  not 
significantly  reduce  the  residual  strength.  This  significantly  simplifies  the  methodology  far 
estimating  critical  damage  size.  The  work  of  [19]  built  on  this  hypothesis  to  develop  a 
simple  formula  fen'  the  design  of  externally  bonded  repairs  to  impact  damaged  laminates. 

As  a  result  of  this  work  it  was  found  that: 

When  the  patch  material  has  the  same  stiffness  as  the  parent  laminate  the 
reductions  in  the  T*1  and  energy  parameters  [19]  can  be  estimated  by 
multiplying  the  values  corresponding  to  the  unrepaired  structure  with  the  reduction 
in  the  net  sectional  stress.  This  infers  that  the  residual  strength  of  a  repaired 
structural  component  can  be  estimated  by  the  following  simple  formula: 

Residual  Strength  (repaired  )  _  o(  unrepaired  ) 

Residual  Strength  (unrepaired  )  o  (repaired  )  (1) 

The  problem  of  material  non-linearity  was  subsequently  tackled  in  [22].  Here  it  was 
shown  that  the  failure  parameters,  T*,  and  energy  density,  Wm,  calculated  using  a  non¬ 
linear  analysis  coincided  with  the  values  calculated  from  a  linear  analysis.  This  contrasts 
with  the  situation  for  metals  where  the  effect  of  material  non-linearity  is  often  accounted 
for  using  the  Dugdale  analogy.  Here  the  crack  length  "a"  is  increased  by  a  plasticity 
correction  factor  "ap  "  with  a  subsequent  increase  in  the  fracture  parameters.  For  impact 
damaged  laminates  the  independence  of  the  fracture  parameters  with  respect  to  material 
non-linearity  again  underlines  the  basic  nature  of  the  "failure"  mechanisms: 

That  as  the  size  of  the  damage  increases  a  stage  is  reached  after  which  a  significant 
increase  in  damage  size  does  not  significantly  decrease  the  residual  strength. 


This  infers  that,  for  multiple  impact  damage  sites,  as  the  sites  get  closer  they  may,  in  the 
limit,  behave  as  one  large  damage  sire  and,  as  a  result,  should  not  dramatically  reduce  the 
residual  strength.  If  this  was  true  then  the  increase  in  the  residual  strength  obtained 
through  the  application  of  an  externally  bonded  doubler  should  also  satisfy  equation  (1). 
To  evaluate  this  hypothesis  a  series  of  laboratory  rests  were  performed. 


’T*  refers  to  the  energy  release  rate  calculated  around  the  crack  tip. 
tygyis  the  average  energy  density 
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2.1  Specimen  Fabrication 


To  evaluate  the  effect  of  multiple  damage  sites  and  to  confirm  this  hypothesis  a  series  of 
impact  damage  tests  were  performed  The  graphite  epoxy  material  used  throughout  these 
tests  was  AS4/3501-6  with  a  ply  configuration  of  [(+452/-452/04)y90]s-  Before  the 
specimens  were  cut  from  these  panels,  they  were  C-scanned  to  determine  the  void  content 
of  the  material.  Three  cases  were  considered,  viz.: 

1)  A  single  impact  of  30  mm  diameter  and  a  6  nan  diameter  hole  in  the  centre  of  the 
specimen,  see  Figure  la, 

2)  Two  impacts  of  30  mm  diameter  and  one  diameter  apart,  see  Figure  lb  and 

3)  Specimens  impacted  as  per  1)  and  2)  above  and  subsequently  repaired  with  a  16 
ply  external  doubler. 

Each  specimen  was  impacted  with  a  12  mm  (1/2")  diameter  ball  bearing  with  a  mass  of  1 
kg  and  horn  a  height  of  1 ,3m.  The  extent  of  damage  was  limited  by  the  use  of  20,  30  and 
40  mm  "windows"  clamped  around  the  specimen  during  the  impacting.  For  the  single 
impact  specimens  all  three  diameter  "windows"  were  used  to  produce  damage  with 
diameters  ranging  from  approximately  19.8  mm  to  39.7  mm.  A  6  mm  diameter  hole  was 
also  drilled  through  the  centre  of  the  damaged  region  of  these  specimens.  For  the  multiple 
impact  specimens  the  size  of  the  damage  was  maintained  at  30  mm  in  diameter.  All 
specimens  were  subjected  to  a  C-scan  of  the  impacted  area  and  the  damage  size  was 
approximated  from  these  scans. 

2.2  Repair  Fabrication 

In  order  to  validate  the  simple  design  rule  previously  postulated,  it  was  required  that  the 
effective  stiffness  and  ply  configuration  of  the  patch  be  representative  of  the  parent 
material.  Therefore  the  material  used  for  the  patch  was  AS4/3501-6  and  was  16  plies 
thick,  with  a  ply  configuration  of  [02/+45-45/-45+45/02)s-  The  ends  of  the  patch  were 
scarfed  to  reduce  the  peel  stresses  in  the  adhesive.  The  length  of  the  patch  and  distance  to 
the  edge  of  the  grips  were  190  mm  and  60  mm,  respectively.  The  patches  were  bonded  to 
the  parent  laminate  using  the  cold  setting  aciylic  adhesive  FLEXON  241.  This  adhesive 
was  chosen  for  its  excellent  shear  strength,  ease  of  application  and  because  environmental 
effects  were  not  an  issue  in  this  test  series. 

23  Thermoelastic  Evaluation 

To  evaluate  the  structural  significance  of  this  damage  and  to  investigate  damage 
interaction  effects  a  thermoelastic  scan  of  the  damaged  regions  was  performed.  The 
theory  describing  the  coupling  between  the  mechanical  and  thermal  energy  of  an  elastic 
body  was  first  published  in  1853  by  Lord  Kelvin  [23].  For  an  elastic  isotropic  body 
undergoing  cyclic  loading  this  theory  states  that  under  adiabatic  conditions 

AT/T0=KACjj  (2) 

where  AT  is  the  local  cyclic  change  in  temperature,  T0  is  the  local  absolute  temperature,  K 
is  the  thermoelastic  constant,  and  AOjj  is  the  sum  of  the  cyclic  stress  amplitude.  In  [24] 
this  formulation  was  extended  to  composite  materials  and  allowance  made  for  the  effect  of 
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moisture  and  various  non-linearities.  In  this  case  for  adiabatic  conditions  equation  (2) 
takes  die  form 

AT/T„*  lApCvXaCyk ^Teu  -  fo]  Aey  (3) 

where  Cyu  is  the  elasticity  tensor,  and  py  ■  OyCjjjj  where  Oy  are  the  coefficients  of 
thermal  expansion.  In  this  context  the  work  presented  in  [25,26]  has  shown  that  impact 
damage  produces  large  changes  in  the  surface  temperature  profiles.  In  contrast  to  most 
traditional  "passive"  methods  of  non-destructive  testing,  which  merely  provide  information 
on  the  size  and  location  of  damage,  thermal  emission  techniques  reflea  the  interaction  of 
the  load,  geometry  and  material  with  the  damage,  thus  highlighting  its  structural 
significance. 

In  the  present  investigation  the  thermal  emission  distributions  were  measured  by  a  system 
marked  under  the  trade  name  SPATE  8000  which  has  the  potential  for  a  spatial  and 
temperature  resolution  of  0.25  mnJ  and  0.001  K,  respectively.  Provided  that  adiabatic 
conditions  are  maintained  it  is  possible  to  use  the  SPATE  output  together  with  equation 
(3),  to  obtain  stress  information  on  the  region  of  interest 

For  the  multiple  impact  damaged  specimens  a  SPATE  scan  of  the  impaa  face  was  taken 
while  the  ends  of  the  specimen  were  subjected  to  a  constant  amplitude  sinusoidal  uniaxial 
load  of  0  ±  80  kN,  the  load  direction  being  parallel  to  the  0°  ply  direction.  The  scan  step 
size  used  was  approximately  0.42  mm,  and  the  loading  frequency  was  10  Hz.  The 
uncalibrated,  but  smoothed,  SPATE  results  for  AT/T0  are  shown  in  Figure  2.  This  figure 
shows  two  distinct  highly  stress  regions,  which  correspond  to  the  impaa  damaged  regions, 
with  little  interaction  between  the  two  damage  sites.  As  a  result  of  this  investigation  it  was 
postulated  that  the  residual  strength  of  the  multiple  impaa  damaged  specimens  should  not 
differ  significantly  from  that  obtained  for  the  single  impaa  damaged  specimens. 
Therefore,  the  residual  strength  can  be  estimated  as: 

Residual  Strength  (multiple  impacts)  s  Residual  Strength  (single  impaa)  (4) 

If,  as  is  indicated  by  these  results,  there  is  little  damage  interaction  then  equation  (1)  can 
also  be  used  to  estimate  the  residual  strength  of  repaired  multiple  impact  damaged 
laminates.  The  validity  of  this  approximation  will  be  examined  in  Section  2.5.2 

2.4  Test  Methodology 

Unrepaired  specimens  were  tested  individually  while  repaired  specimens  were  tested  back- 
to-back  [19].  Four  strain  gauges  were  bonded  on  the  unrepaired  specimen;  two  above  and 
two  below  the  damage.  Each  pair  was  positioned  on  die  mid-width  and  on  opposite  faces 
in  order  to  determine  axial  and  bending  strains.  The  repaired  specimen  only  bad  two  strain 
gauges  located  on  the  patched  side.  In  each  case  the  gauges  were  1 10  mm  from  the  centre 
of  die  specimen.  The  specimens  were  loaded  in  compression  and  to  avoid  the  problem  of 
global  buckling  an  anti-buckling  rig  was  used  [12].  All  specimens  were  loaded  in 
compression  until  failure  at  a  constant  rate  of  40  kN/minute. 


2JS  Results 


L5.1  Single  Impact  Specimens 

All  specimens,  except  two  which  exhibited  extensive  bending,  produced  load  versus  strain 
curves  which  were  essentially  linear  to  failure.  Specimens  4  and  5  exhibited  extensive 
bending  near,  and  up,  to  failure  thereby  reducing  the  failure  load  obtained.  The  failure 
strains  for  each  specimen  are  tabulated  in  Tables  1  (single  impact  case)  and  2  (multiple 
impact  case).  These  results  show  that  the  failure  strains  follow  the  asymptotic  nature 
outlined  in  [6].  The  variation  in  the  failure  strains,  for  a  given  damage  size,  reflects 
variations  in  specimen  geometry  as  well  as  variations  in  the  structure  of  the  internal 
damage  due  to  impact.  In  all  cases,  the  patches  and  the  adhesive  bond  failed  after  the 
parent  laminate. 

The  failure  load  of  the  repaired  specimen  can  also  be  predicted  (see  Table  1)  using 
equation  (1)  and  only  requires  a  knowledge  of  the  unrepaired  residual  strength  and  the 
change  in  net  sectional  stresses  due  to  patching.  The  change  in  the  net  sectional  stress  can 
be  calculated  directly  from  the  change  in  net  sectional  area.  This  result  is  believed  to 
substantiate  the  trends  predicted  in  the  previous  section  and  significantly  simplifies  the 
repair  design  philosophy. 

2.5 Multiple  Impact  Specimens 

The  failure  load  for  the  unrepaired  multiple  impact  damaged  specimens,  as  shown  in  Table 

2,  was  within  approximately  600pe  of  that  for  the  single  impact  case.  The  multiple  impact 
specimens  exhibiting  larger  residual  compressive  strains  then  the  single  impact  specimens. 
This  unexpected  result  is  probably  due  to  the  presence  of  a  6  mm  diameter  hole  in  the 
single  impact  specimens  which  reduces  both  the  effective  cross-sectional  area  of  the 
specimen  and  the  lateral  constraint  in  the  damage  region.  However  overall  these  results 
confirm  the  hypothesis  postulated  in  Section  2.3  that  there  is  little  interaction  between 
damaged  sites  and  that,  as  a  first  approximation,  each  impact  damaged  site  can  be  treated 
separately.  Similarly,  for  the  repaired  specimens  the  failure  strains  were  within  700p£  of 
that  for  the  single  impact  case.  As  a  result,  equation  (1)  was  found  to  provide  a  reasonable 
estimate  of  the  failure  strain. 

3.  DAMAGED  ASSESSMENT  OF  AN  F/A-18  HORIZONTAL  STABILATOR 
3.1  Background 

To  illustrate  how  this  approach  can  be  applied  to  composite  structures,  the  repair  of  two 
damaged  F/A-18  horizontal  stabilators  was  undertaken.  In  one  case  the  stabilator  was  part 
of  die  Composite  Repair  Engineering  Development  Program  (CREDP).  (CREDP  is  a 
joint  program  between  the  Canadian  Forces  (CF),  the  RAAF  and  the  United  States  Navy 
(USN)  to  evaluate  the  capability  of  repairing  damaged  composite  components  on  the 
F/A-18.)  The  second  stabilator  was  part  of  the  International  Follow  On  Structural  Fatigue 
Test  Program  (DFOSTP). 
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3.2  The  CREDPStabUator  Repair 


As  pan  of  the  CREDP  program,  the  Aeronautical  Research  Laboratory  (ARL)  was  tasked 
to  develop  and  analyse  a  repair  for  a  damaged  horizontal  stabilator,  which  was  initially 
classed  as  unserviceable  and  irreparable  due  to  two  fragment  strikes  from  a  tracer  rocket 


The  F/A-18  horizontal  stabilator  comprises  an  aluminium  honeycomb  sandwich  structure 
with  graphite/epoxy  skins,  with  fibres  oriented  in  the  0°  and  ±43°  directions.  The  cross- 
section  of  the  stabilator  is  fully  symmetric.  In  the  region  of  the  damage  the  skin  is  29  {dies 
thick  (3.68  mm),  but  tapers  off  to  7  plies  (0.89  mm)  at  the  leading  edge  and  has  incurred 
extensive  local  damage  to  the  composite  skin  and  underlying  honeycomb,  but  neither 
fragment  penetrated  to  the  other  side  of  the  stabilator.  As  shown  in  Figure  3,  the  two 
damaged  areas  are  approximately  the  same  size;  however  there  was  a  slight  difference  in 
the  impact  angle  of  the  two  fragment  strikes.  The  location  of  the  damaged  zone  and  ply 
orientation  can  be  seen  in  Figure  4. 

3.2.1  Structural  Evaluation 

In  order  to  evaluate  the  structural  significance  of  the  damage,  i.e.  if  the  original  design  was 
optimised  for  impact  damage,  a  test  rig  capable  of  applying  the  design  loads  was  required. 
Fortunately  ARL  had  previously  developed  a  test  rig  for  a  dynamic  test  on  the  IFOSTP 
horizontal  stabilator.  The  stabilator  was  mounted  in  the  rig  by  means  of  the  spindle,  which 
is  used  to  connect  the  stabilator  to  the  aircraft.  Hence  all  bending  loads  applied  to  the 
stabilator  are  transferred  to  the  rig  via  the  spindle.  A  lever  arm  connected  to  the  root  of 
the  stabilator  transfers  all  the  torque  loads  to  the  test  rig.  Static  loads  were  applied  to  the 
structure  via  three  flexible  air  bags.  The  design  of  the  test  rig  is  such  that  it  allows  these 
air  bags  to  be  mounted  above  or  below  the  test  article,  as  described  in  reference  [27]. 

Four  strain  gauge  rosettes  were  located  in  a  rectangular  pattern  around  the  damage  zone 
and  in  the  corresponding  location  on  the  undamaged  skin,  see  Figure  4.  The  gauges  in 
each  rosette  were  aligned  in  the  direction  of  the  0°  and  ±43°  fibres.  Two  displacement 
transducers,  on  the  upper  and  lower  surface,  were  placed  halfway  between  the  inboard 
rosettes  (1  and  2),  in  the  0°  fibre  direction,  as  seen  in  Figure  3.  The  gauge  length  of  the 
displacement  transducers  was  385  mm.  The  strain  gauge  rosettes  and  displacement 
transducers  were  positioned  so  as  to  evaluate  the  change  in  compliance  of  the  structure 
due  to  the  damage. 

Displacement  and  pressure  transducers  were  required  to  measure  the  extension  and 
pressure  of  each  air  bag.  The  force  applied  by  each  air  bag  is  a  function  of  these  two 
variables  and  was  determined  from  a  calibration  graph.  The  root  bending  moment  (RBM) 
was  calculated  and  used  as  the  reference  load  applied  to  the  structure.  Three  extra 
displacement  transducers  were  attached  to  the  stabilator  at  the  tip,  leading  and  trailing 
edges,  to  measure  tip  displacement  and  torque  induced  by  die  applied  load. 

3.2.2  Test  Description 

The  first  stage  of  the  investigation  involved  the  application  of  a  static  load  by  incrementing 
the  air  bag  pressure  in  steps  of  10  kPa.  Here  the  maximum  load  applied  to  the  structure 
was  not  considered  to  be  critical  since  the  primary  objective  was  a  comparison  between  the 
strains  and  the  compliance  on  the  top  and  bottom  surfaces  of  the  stabilator.  Initially,  the 
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air  bags  were  placed  underneath  the  stabilator,  producing  tension  in  the  damaged  surface 
skin,  and  a  dummy  loading  and  unloading  run  was  performed  to  allow  the  structure  to 
settle.  Several  loading  and  unloading  runs  were  made  in  this  configuration  with  strain 
gauge  and  transducer  readings  being  conducted  at  each  increment  of  pressure.  The 
loading  was  then  repeated  with  the  air  bags  re-configured  above  the  stabilator  producing  a 
compressive  load  in  the  damaged  surface. 

3.13  Results  and  Discussion 

The  Ultimate  Bending  Moment  (UBM)  and  the  Design  Limit  Bending  Moment  (DLBM) 
for  the  horizontal  stabilator  are  120.3  kNm  (1065  kip-in)  and  80.2  kNm  (710  kip-in), 
respectively  [27,28].  The  RBM  was  calculated  for  each  load  step  and  the  test  achieved 
31%  (47%)  and  26%  (39%)  of  the  UBM  (DLBM)  in  tension  and  compression, 
respectively. 

The  strain  survey  results  for  one  loading  cycle  are  shown  in  Table  3,  for  the  case  when  a 
compressive  load  was  applied  to  the  damaged  surface.  The  results  for  the  case  of  tensile 
loads  applied  to  the  damaged  surface  are  very  similar.  All  strain  values  are  presented  in 
microstrain.  Table  3  shows  that  there  was  no  structurally  significant  difference  between 
the  strain  gauge  results,  for  strains  in  the  0  fibre  direction,  on  the  top  (damaged)  and  the 
bottom  (undamaged)  surfaces  except  for  gauge  D2  which  has  a  24%  to  27%  reduction, 
depending  upon  the  value  r t  the  RBM,  due  to  damage.  This  may  be  due  to  the  gauge 
being  shielded  by  the  damage.  The  compliance  readings,  tabulated  at  the  bottom  of  the 
tables  as  TJ'  for  the  undamaged  surface  strain  and  T>'  for  the  damage  surface  strain,  show 
no  significant  difference  between  the  top  and  bottom  surfaces.  This  implies  that  the  global 
compliance  has  not  been  affected  by  the  damage  and  indicates  that  there  is  little  structural 
degradation.  This  was  confirmed  by  a  thermal  elastic  evaluation  of  the  damaged  region, 
see  [29], 

3.2.4  The  Finite  Element  Model 

To  understand  the  mechanisms  involved  in  this  problem  and  to  assist  in  designing  a  repair 
a  finite  element  analysis  was  undertaken.  The  damage  section  of  the  horizontal  stabilator 
was  modelled  by  representing  the  skin  as  a  two-dimensional  membrane  with  effective 
laminate  properties  and  the  undedying  honeycomb  as  three-dimensional  iso-parametric 
brick  elements.  The  small  changes  in  the  compliance  and  the  local  strains  due  to  damage, 
as  observed  in  the  previous  section,  suggest  the  possibility  of  using  an  external  doubler  to 
repair  the  damaged  stabilator.  In  this  case  the  adhesive  layer  was  modelled  using  three- 
dimensional  iso-parametric  brick  elements  with  the  doubler  represented  by  two- 
dimensional  membrane  elements,  with  an  effective  laminate  property.  Three  cases  were 
analysed,  the  undamaged  skin,  the  damaged  but  unrepaired  skin  and  the  damaged  and 
repaired  skin.  The  damaged,  but  unrepaired,  model  contained  520  nodes,  128  elements 
and  1255  degrees  of  freedom  and  the  repaired  model  contained  818  nodes,  256  elements 
and  1976  degrees  of  freedom. 

The  material  used  for  the  skin  and  the  doubler  was  again  AS4/3501-6  and  the  associated 
laminate  properties  can  be  found  in  Table  4.  Young's  modulus  of  the  honeycomb  and  the 
adhesive  was  taken  to  be  2000  MPa  and  1800  MPa,  respectively,  with  a  Poisson's  ratio  of 
0.35  for  both.  The  doubler  was  16  plies  (2.032  mm)  thick  and  a  pressure  of  400  MPa  was 
applied  along  one  edge  of  the  skin. 
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The  accuracy  of  the  finite  element  model  was  evaluated  by  comparing  the  predicted  and 
measured  strains,  obtained  in  [27,28],  For  the  undamaged  stabilator  the  ultimate  design 
bending  moment  corresponds  to  a  design  limit  strain  of  approximately  4850  p£,  see 
[27,28].  The  corresponding  predicted  strains  at  the  two  trailing  edge  strain  gauges, 
1  and  3,  were  approximately  4950  pe  and  4860  |ie,  respectively,  and  the  predicted  value  of 
strain  over  the  region  measured  by  the  LVDT  was  also  close  to  the  measured  value. 
However,  because  the  actual  structure  tapers  off  towards  tl.e  leading  edge,  the  strains  in 
the  numerical  model  closest  to  the  leading  edge  (gauges  2  and  4)  were  higher  than  those 
achieved  in  the  experiment.  Nevertheless  it  was  felt  that  this  model  would  be  useful  in 
predicting  the  change  in  strain  du-  o  the  application  of  an  external  doubler. 

3.2.5  Reduction  in  Strain  due  to  an  External  Doubler 

Following  the  development  of  the  undamaged  finite  element  model,  two  cases  were 
considered.  The  first  case  simulated  the  damaged,  but  unrepaired,  staoilator  and  the 
second  case  modelled  a  bonded  external  doubler.  A  summary  of  the  predicted  strains 
measured  by  the  LVDT  and  the  strains,  in  the  0°  fibre  direction,  at  gauges  1-4  are  given  in 
Table  5. 

The  application  of  the  external  doubler  significantly  reduced  the  strain  around  the  damaged 
zone  leading  to  an  average  reduction  in  strain  of  28.5%.  The  peak  adhesive  shear  stress 
was  less  than  25  MPa  and  was  below  the  endurance  level  of  the  thin  film  adhesive  FM73, 
see  [30],  indicating  that  the  repair  should  not  debond  and  should  be  inherently  damage 
tolerant,  see  [30].  The  stress  concentration  around  the  damage  was  also  found  to  be  very 
localised  and  was  consistent  with  the  experimentally  measured  thermal  emission  profile 
[29],  as  well  as  with  the  experimentally  measured  values  of  strain  and  compliance. 

3.2.6  Repair  Evaluation 

Following  the  initial  tests  on  the  horizontal  stabilator  the  damaged  region  was  repaired 
using  an  external  doubler  which  was  tailored  to  matched  the  stiffness  of  the  stabilator  skin. 
The  ply  configuration  of  the  repaired  laminate  was  (+45-45AV90/-45+45/0)s.  The  loose 
fibres  around  the  impact  zone  were  removed  and  the  edges  of  the  damage  zone  were 
scarfed.  The  whole  region  was  then  filled  with  packing  adhesive  and  the  repair  laminate 
was  then  bonded  onto  this  surface  using  FM73  adhesive. 

The  test  procedure,  outlined  in  section  3.2.2,  was  then  repeated  with  additional  strain 
gauge  rosettes  placed  on  the  repair.  The  location  of  the  repair  ranged  from  0.610m  (24") 
to  1.092m  (43”)  from  the  root  of  the  stabilator.  The  repair  successfully  withstood  both 
tension  and  compression  loading.  In  tension,  the  majority  of  the  region  exceeded  the 
DLBM.  The  measured  strain  reduction  was  approximately  28%  and  was  equivalent  to  the 
reduction  in  the  nett  section  stress. 

3  .3  The  IFOSTP  Stabilator  Repai  r 

The  previous  test  article  contained  both  delamination  and  penetration  damage.  To  assess 
the  problem  of  BVID  in  a  high  strain  region  a  second  stabilator  test  was  required. 
Fortunately  a  test  article  which  had  previously  been  used  to  develop  the  loading 
mechanisms  for  the  IFOSTP  test  program  was  available.  The  stabilator  was  impacted  at 


-8- 


two  sites  on  the  top  surface,  thus  inducing  BVID  in  the  composite  skin.  At  each  location 
the  absorbed  energy  was  approximately  12  Joules  and  the  size  of  the  damage  was 
constrained  to  be  approximately  30  mm  in  diameter.  The  distance  between  the  two  impact 
damage  zones  was  approximately  30  iron  (one  diameter,  as  in  the  coupon  test  program). 
Of  the  two  damage  sites,  see  Figure  3,  the  one  closest  to  the  root  was  in  a  zone  C  which 
was  classed  as  irreparable  by  the  Structural  Repair  Manual  (SRM).  The  second  impact 
site  was  located  in  zone  F.  As  such  the  SRM  repair  for  the  latter  damage  would  have 
impinged  into  zone  C  thus,  according  to  the  SRM,  this  damage  is  also  classed  as 
irreparable.  In  zone  C  the  ply  configuration  was  [+45/-45/90/0/+45/EV-45/0/9Q/0/- 
45/0/45AV90/-45/45],  17  plies,  and  in  zone  F  the  ply  configuration  was  [+45/- 
45/9QAV+45/0/-4 5/90/-4 5/0/4 5/0/90/-4 5/45] ,  15  plies,  Le.  two  0°  plies  woe  dropped. 

An  externally  bonded  doubler  (patch)  of  dimensions  260  mm  by  160  mm  and  ten  plies 
thick,  with  a  ply  configuration  of  [+45/-45/90/0JS,  was  used  to  repair  this  damage.  The 
doubler  was  designed  to  reduce  the  net  section  stress  by  approximately  35%  thus  reducing 
the  stress  at  the  damage  locations  to  under  3000  pe  at  DLBM. 

3.3.1  Thermoelastic  Evaluation 

To  investigate  the  structural  interaction  between  the  two  damage  sites  a  thermal  emission 
scan  of  the  region  was  performed.  Two  electro-magnetic  shakers  were  attached  to  the 
underside  of  the  stabilator,  at  a  position  that  allowed  the  fundamental  bending  mode,  at 
approximately  14  Hz,  to  be  excited.  The  resultant  scan  can  be  seen  in  Figure  6.  As  in 
Section  2.5.2,  which  dealt  with  multiple  impact  damage  in  coupon  test  specimens,  the  two 
damage  zones  can  be  clearly  seen  as  well  as  the  change  in  the  stress  due  to  the  ply  drop 
off.  However,  as  was  also  seen  in  Sections  2.3  and  2.5.2,  this  scan  also  supports  the 
hypothesis,  first  presented  in  Section  2.1,  that  there  is  little  interaction  between  the  damage 
sites.  As  a  result,  as  a  first  approximation,  each  site  may  be  treated  in  isolation. 

3J.2  Limit  Load  Test 

As  in  the  previous  test  three  air  bags  were  placed  underneath  the  stabilator,  producing 
compression  in  the  damaged  surface  skin,  and  a  dummy  loading  and  unloading  run  was 
performed  to  allow  the  structure  to  settle.  Several  loading  and  unloading  runs  were  made 
in  this  configuration  with  strain  gauge  and  transducer  readings  being  conducted  at  each 
increment  of  pressure.  The  structure  was  then  loaded,  incrementing  the  air  bag  pressure  in 
steps  of  10  kPa,  to  DLBM.  There  was  no  evidence  of  failure  either  at  the  damage  location 
or  in  the  repair  and  all  strain  gauge  readings  varied  linearly  with  load.  In  this  test  the  strain 
in  zone  C,  near  the  first  damage  site,  was  measured  as  approximately  -4000  pe  in  the  0° 
direction,  -2500  |i£  in  the  45°  direction  and  -500  |i£  in  the  -45°  direction. 

4.  CONCLUSION 

This  paper  has  presented  a  repair  methodology  that  can  be  used  as  a  first  approximation 
for  field  repairs  to  damaged  composite  structures.  It  has  been  shown  that  an  externally 
bonded  doubler  was  able  to  repair  impact  damage,  even  for  thick  structural  components. 
The  use  of  externally  bonded  patches  has  the  advantage  of  being  quick  and  easy  to  apply. 
The  F/A-18  horizontal  stabilator  repair  also  indicated  that  extensive  removal  of  damaged 
material,  excluding  penetration  clean  up,  can  be  avoided  thereby  making  the  repair  process 
particularly  simple. 
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Table  1:  Results  of  static  compression  tests:  Single  impact  case 


*  Specimens  exhibited  extensive  bending  prior  to  failure  (anti-buckling  rig  was  distorted) 


Table  2:  Results  of  static  compression  tests:  Multiple  impact  case 


Table  3:  Strain  gauge  results  for  the  damaged  and  undamaged  skins  on  the  CREDP  horizontal 
stabilator  Compression  case  (all  measurements  in  p£> 
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Table  4:  Laminate  properties  for  the  horizontal  stabilator  skin  and  repair  doubler 


Exx 

Eyy 

Gxy 

VXY 

VYX 

(GPa) 

(GPa) 

(GPa) 

Skin 

66.7 

32.5 

| 

0.389 

0.190 

Repair 

57.4 

32.9 

0.443 

0.253 

Table  5:  Summary  of  strain  results  from  finite  element  analysis  at  DLBM 


Figure  la:  Single  impact  specimen  configuration 


Thcrmoelastic  SPATE  output  of  (lie  multiple  impact  region  on  the  multiple 
impact  specimen. 


Figure  6:  Thermoelastic  SPATE  output  of  the  multiple  impact  region  on  the  IFOSTP 

F/A-18  horizontal  stabilator. 
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